People infected with
Blastomyces dermatitidis is a thermal dimorphic fungus and the causal agent of blastomycosis, which is one of the principal endemic systemic mycoses of humans and other mammals. Inhaled conidia of B. dermatitidis initiate the infection, and at body temperature they convert to invasive yeast forms that produce a chronic, progressive pneumonia, which often disseminates to extrapulmonary organs (25) . Infections that go undiagnosed or untreated may progress and become fatal even in immunocompetent hosts. Patients with AIDS or other immunosuppressive conditions are prone to disseminated, often lethal infections (22, 23) . Dogs that reside in the zone where the disease is endemic are a common victim of blastomycosis; incidence rates approach 1 to 2% of susceptible animals (4) . Innate and adaptive mechanisms that limit infection and promote clearance of the fungus that have been characterized include polymorphonuclear leukocytes, mononuclear phagocytes, and antigen-specific T lymphocytes (14) . However, the antigens of B. dermatitidis that stimulate clearance of the fungus have not been identified. We previously identified a 120-kDa protein on the surface of B. dermatitidis yeasts, designated WI-1 (17) . WI-1 is an adhesin that binds the fungus to complement and CD14 receptors on host cells (21) and an immunodominant antigen (17) . Most infected patients develop strong humoral and cell-mediated immune responses to WI-1 during the course of illness (17, 18) . Despite the fact that WI-1 is consistently recognized as an antigen by infected patients, the value of these immune responses in resistance to B. dermatitidis infection has not been studied.
In this study we investigated the immunogenicity of WI-1 and its protective efficacy in an experimental infection of mice. The goals of our study were to (i) raise immune responses to WI-1 in inbred strains of mice, (ii) characterize humoral and cellular anti-WI-1 responses elicited by the immunization, and (iii) assess the protective efficacy of these immune responses in a murine model of lethal pulmonary blastomycosis. Our findings demonstrate that administration of WI-1 elicits immune responses that significantly enhance resistance against a lethal pulmonary infection.
MATERIALS AND METHODS
Fungal strains and growth. Strains of B. dermatitidis used here include ATCC (American Type Culture Collection) 60636, originally isolated from soil and patients during an outbreak of blastomycosis in Wisconsin (19) , and ATCC 26199, originally isolated from a human patient in South Carolina (5) . Isolates were maintained in the yeast form on Middlebrook 7H10 agar slants with oleic acid-albumin complex (Sigma Chemical Co., St. Louis, Mo.) at 37°C. Histoplasma capsulatum 184 AS ura 5-11 is a uracil auxotroph of a smooth variant of the parental isolate 184 AR (28, 29) . The variant is highly attenuated in virulence for mice due to two independent alterations, including loss of surface ␣-(1,3)-glucan and uracil auxotrophy. This isolate was grown in Histoplasma macrophage medium supplemented with uracil (50 g/ml) as described previously (28, 29) .
Mouse strains. Male C57BL/6 and BALB/c strains of mice were 5 to 6 weeks old at the time of purchase from The Jackson Laboratory. They were housed and cared for throughout these experiments according to guidelines of the University of Wisconsin Animal Care Committee, which approved all aspects of this work.
Antigens. Secreted WI-1 was purified from the ATCC 60636 yeasts as previously described (3). Briefly, yeasts were grown in liquid Histoplasma macrophage medium in a gyratory shaker at 37°C for 2 weeks. Supernatants enriched for WI-1 were collected and purified in a two-step process using anion-exchange chromatography followed by hydrophobic interaction chromatography. The homogeneity of purified WI-1 was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with silver nitrate.
Candida albicans yeast cell extract was purchased from Bayer Corporation Pharmaceutical Division, Elkhart, Ind. (formerly Hollister-Stier, Spokane, Wash.) and used at the optimal dilution of 1:100 (wt/vol) for in vitro stimulation of lymphocytes (18) .
Immunizations. Purified WI-1 or bovine serum albumin (BSA) as a control was administered to mice in Freund's adjuvant subcutaneously at the base of the tail. The immunogens were diluted to the desired concentration in phosphatebuffered saline (PBS) and emulsified in an equal volume of either complete Freund's adjuvant (for the first immunization) or incomplete Freund's adjuvant (for the booster). Each immunogen was administered in a volume of 0. (28, 29) . Briefly, genomic WI-1 and its own promoter (isolated from strain ATCC 26199) was cloned on a 6.3-kb BsrG1 fragment into the vector pMAD93, kindly provided by Jon Woods (University of Wisconsin-Madison). Yeast-form cells were electrotransformed with HpaI-linearized pMAD93/WI-1, designed to expose Histoplasma telomeres. Transformed yeast cells contained the WI-1 transgene expressed off a multicopy, extrachromosomal plasmid and displayed abundant amounts of the WI-1 protein on their surfaces as determined by fluorescence-activated cell sorting analysis and SDS-PAGE (data not shown). As a control, the same strain of H. capsulatum also was transformed with pMAD93 not containing the WI-1 coding sequence to repair the defect in uracil metabolism. For immunization with these recombinant strains, mice were infected intranasally with a sublethal dose of 10 7 yeasts, given twice, 1 month apart. Measurement of immune responses. Mice were tested 2 weeks after the second immunization to assess humoral and cellular immune responses to WI-1. For measurement of antibody responses, mice were bled from the tail vein to obtain serum samples. Anti-WI-1 antibody was detected and titered in serum by using a previously described solution-phase radioimmunoassay (17) . A positive test in this assay is defined as at least 20% specific binding of the radiolabeled WI-1 antigen target at a serum dilution of 1:40 or greater. The endpoint titer of a serum sample is defined as that dilution of serum yielding 20% specific binding of the radiolabeled WI-1 antigen target.
The isotype and subclass of anti-WI-1 antibody raised by immunization was determined by enzyme-linked immunosorbent assay (ELISA). The wells of C8 Maxisorp plates (Nunc [Roskilde, Denmark] catalog no. 445101) were coated with 100 l of WI-1 per well at a concentration of 4 g per ml of PBS and incubated overnight. Coated plates were washed four times with PBS-Tween buffer. Washed plates were blocked for 1 h at 37°C with PBS containing 2% BSA. Test serum diluted in PBS-2% BSA was added to the blocked plates and incubated for 2 h at 37°C. After incubation, serum-treated wells were washed four times with PBS-Tween buffer. A 100-l volume of horseradish peroxidaseconjugated detector antibody (Zymed Laboratories, South San Francisco, Calif., or Pharmingen, San Diego, Calif.), specific for the various immunoglobulin isotypes or immunoglobulin G (IgG) subclasses and diluted 1:1,000 to 1:2,000 in PBS-2% BSA, was added to the well. A substrate solution of ortho-phenylenediamine dihydrochloride (Sigma catalog no. P6912), 5 mg in 12.5 ml of 25 mM sodium citrate-50 mM NaPO 4 (pH 5.0) containing 5 l of fresh 30% H 2 O 2 , was added to the detector antibody-treated wells in a volume of 100 l per well and incubated for 5 to 10 min at room temperature, protected from the light. A stop solution of 1 M HCl was added, and color development was quantified at an optical density of 492 nm on an ELISA plate reader.
Antigen-induced splenocyte proliferation was determined by standard microtiter methods (18) . In brief, 2 ϫ 10 5 splenocytes were cultured in triplicate in 0.25-ml flat-bottomed microtiter plates (Costar, Cambridge, Mass.) containing 0.1 ml of test antigen and 0.1 ml of RPMI 1640 medium supplemented with 25 mM HEPES buffer, L-glutamine, penicillin, streptomycin (Flow Laboratories, McLean, Va.), and 10% (by volume) heat-inactivated fetal bovine serum (HyClone Laboratories, Logan, Utah). Following incubation for 5 days with the antigen at 37°C in a 5% CO 2 humidified incubator, the cultures were pulsed with 1 Ci of [methyl- Delayed-type hypersensitivity responses were assessed by measuring footpad swelling of immunized and control mice 2 weeks after they were boosted. For each mouse, 10 g of WI-1 in 50 l of normal saline was injected into the footpad of one hind leg and 50 l of saline alone as a control was injected into the footpad of the other hind leg. Initial experiments demonstrated that footpad swelling in response to antigen peaked at 24 h, was reduced at 48 h, and was undetectable at 72 h after the antigen was administered. Consequently, the swelling of each footpad was measured 24 h after antigen was administered, and the delayed-type hypersensitivity response of the mouse was defined as the swelling due to WI-1 antigen minus that due to saline control, expressed in millimeters.
Experimental infection. Two weeks after mice received a second immunization, they were infected with B. dermatitidis yeasts intranasally. After mice were anesthetized with inhaled Metafane (Mallinckrodt Veterinary Inc., Mundelein, Ill.), a suspension of yeast cells was administered in a volume of 25 l dropwise into their nares. The number of yeasts needed to achieve a lethal pulmonary infection was established in preliminary studies as 10 4 yeasts for both ATCC 60636 and ATCC 26199. Unimmunized mice that received a lethal dose died from a progressive pulmonary infection 14 to 21 days after they were challenged. To evaluate the protective efficacy of immunization, WI-1-immunized mice and control mice were given a lethal dose of yeast cells, and their survival was assessed daily over 30 days after challenge.
Statistical analysis. Kaplan-Meier curves were generated for mice that survived a lethal challenge with B. dermatitidis. The survival times of mice that were alive at the end of the study were regarded as censored. Time data were analyzed by the log rank statistic, which summarizes the extent to which the observed survival times in the two groups of data (immunized versus control) deviate from those expected under the null hypothesis of no group differences. Since the number of mice per group is considered small, the exact P values were computed by using the statistical package StatXact-3 (CYTEL Software Corporation). The survival rates of two groups are considered to be significantly different if the two-sided P value is less than 0.05. When multiple comparisons were made simultaneously, the P values were adjusted according to Bonferroni's correction in order to protect the overall significance level of 0.05.
RESULTS

Delayed-type hypersensitivity responses in immunized mice.
Previous work in a murine model of blastomycosis has demonstrated that the development of delayed-type hypersensitivity correlates temporally with the ability to resist a lethal experimental infection (10, 27) . To investigate whether WI-1 immunization evoked delayed-type hypersensitivity responses, we measured the swelling of footpads injected with WI-1. C57BL/6 mice immunized with WI-1 showed substantial amounts of footpad swelling upon recall with WI-1, whereas mice immunized with BSA showed no footpad swelling in response to WI-1 (Fig. 1) . The size of the delayed-type hypersensitivity response in WI-1-immunized mice increased in a concentrationdependent manner with the immunizing dose of antigen. Mice that received a subcutaneous infection with 4 ϫ 10 4 live B. dermatitidis yeasts had weaker delayed-type hypersensitivity responses to WI-1.
C57BL/6 mice immunized with 100 g of WI-1 were studied for the in vitro response of their splenocytes to WI-1 and a control antigen from C. albicans. Splenocytes from these mice responded to WI-1 in a concentration-dependent manner, yielding a maximal stimulation index of threefold over background in response to 20 g of WI-1, whereas they did not respond to Candida antigen (data not shown).
Antibody responses in immunized mice. Natural infection with B. dermatitidis is accompanied by a strong antibody response to WI-1. To determine whether immunization evokes an immune response that resembles the natural one, we investigated the antibody response. C57BL/6 mice immunized with 100 g of WI-1 and boosted 2 weeks later with the same dose demonstrated strong anti-WI-1 antibody responses. Sera from the immunized mice showed an average of 80% specific binding of 125 I-WI-1 by radioimmunoassay and an endpoint titer of 1:814,013. Mice that received either heat-killed yeasts or viable yeasts also had detectable anti-WI-1 antibodies; however, the average endpoint titers were 16-fold lower (1:49,799) and 358-fold lower (1:2,274) in these two groups of mice, respectively.
Anti-WI-1 IgG subclass profile in immunized mice. Because cell-mediated immunity is important in developing acquired resistance to B. dermatitidis infection, we characterized aspects of the cellular immune response in WI-1-immunized mice. To investigate the phenotype of T helper cells that arise in immunized mice, we investigated the subclass of serum IgG antibodies specific for WI-1. This parameter has been used as a surrogate marker to indicate T helper 1 responses (IgG2a and IgG3 antibodies) and T helper 2 responses (IgG1 and IgG2b antibodies) (12, 26) .
Anti-WI-1 IgG antibody subclasses were IgG1 Ͼ IgG2b Ͼ IgG2a Ͼ IgG3 in C57BL/6 mice immunized with WI-1 ( Fig.  2A) , indicating a mixed T helper phenotype. The IgG subclasses were distributed similarly in the other groups of immu-nized mice that had received either heat-killed yeasts or live B. dermatitidis yeasts, even though the antibody titer was lower in these mice than in the WI-1-immunized mice. In addition, BALB/c mice immunized with WI-1 showed an IgG subclass distribution similar to that of the C57BL/6 mice (data not shown). Because some studies have demonstrated that the dose of soluble antigen used for immunization may influence the phenotype of T helper cells (low doses leading to T helper 1 and high doses leading to T helper 2) (24), we assessed the distribution of anti-WI-1 IgG subclasses according to the dose of WI-1 used for immunization, ranging from 10 to 200 g of antigen. However, the distribution of IgG subclasses did not change substantially according to the immunizing dose of WI-1 (Fig. 2B) .
Protective efficacy of WI-1. The above results indicated that WI-1 is immunogenic and raises both humoral and cell-mediated immune responses. We next sought to determine whether these anti-WI-1 immune responses confer any protective benefit on the host following a lethal pulmonary challenge with yeasts. WI-1 immunization of C57BL/6 mice and BALB/c mice significantly protected these animals against death after infectious challenge (Fig. 3 and Table 1 ). The immunizing dose of WI-1 was found to be important since mice immunized with 200 g of antigen fared significantly better than those immunized with only 10 g ( Table 1 , experiment 3). In other experiments (Table 1 , experiments 1, 2, and 4), mice were immunized with 100 g of WI-1 protein according to the protocol described in Materials and Methods. This vaccination significantly prolonged the lives of the mice in each of the experiments and protected a proportion of them from dying during the observation interval. Figure 3 shows a representative survival analysis of C57BL/6 mice immunized with either WI-1 or BSA as a control (P ϭ 0.0002).
Experiments shown in Table 1 analyzed survival over a 30-day observation period after infection, explaining why the mean survival periods were never greater than 30 days in mice immunized with WI-1, even though the mice may have survived beyond that interval. The proportion of WI-1-immunized mice surviving in the individual experiments varied, being up to 75% survival in experiment 1. The median proportion of mice surviving for the five total experiments was 27%. Despite this variation between individual experiments, mice immunized with WI-1 survived significantly longer than control mice in each of the experiments.
Some of the surviving mice were analyzed for burden of infection at 30 days postinfection. Half of the mice in experiment 1 showed detectable CFU in the lungs ranging from 2 ϫ 10 3 to 5 ϫ 10 5 . In one mouse, the pathogen had disseminated to the kidneys and spleen. Thus, the fungi had not been eliminated in the surviving mice.
In experiment 5, WI-1 was delivered to the mice in a different vehicle, H. capsulatum 184 AS ura 5-11 yeasts, in an effort to alter the phenotype of T helper cells responding to WI-1. We reasoned that the predominantly intracellular location of this fungus and the strong T helper 1 response generally evoked by H. capsulatum (2, 30) would offer an immunomodulating effect. Surprisingly, these mice demonstrated barely detectable anti-WI-1 antibody responses in the radioimmunoassay and undetectable IgG antibody subclasses by ELISA. However, anti-WI-1 IgM antibody responses were detected in the ELISA (data not shown).
Mice immunized with WI-1 borne by H. capsulatum yeasts were again significantly protected from lethal infection compared to control mice who received H. capsulatum without WI-1 (P ϭ 0.026) or no immunization at all (P ϭ 0.045).
DISCUSSION
In prior work, WI-1, an abundant surface protein on B. dermatitidis yeasts, has been shown to be a chief antigen of both humoral and cellular immune responses in people and dogs infected with the fungus. Antibody to WI-1 was detected in 85% of infected patients (17) and almost 90% of infected dogs (15) . Peripheral blood mononuclear cells from human blastomycosis patients also react strongly in an in vitro proliferation assay after stimulation with WI-1 (18) .
In this study, we sought to investigate the immunogenicity of purified WI-1, characterize features of the humoral and cellular response to the immunogen, and analyze whether these anti-WI-1 immune responses are able to enhance resistance against experimental infection. Our results demonstrate that WI-1 administration prompts antibody and cell-mediated immune responses in two inbred strains of mice. The immune responses after administration of WI-1 were qualitatively similar to those after administration of live or dead yeasts but were quantitatively much stronger. Thus, WI-1 is immunogenic and evokes immune responses that resemble the ones observed following exposure to the intact yeast, whether it is dead or alive. The immune responses engendered by WI-1 administration enhanced the resistance of mice against a lethal experimental infection. Mice immunized with WI-1 lived significantly longer than control mice that were unimmunized or received BSA. Ultimately, only a small proportion of the immunized mice survived the infection. Thus, it would be desirable to investigate methods of enhancing the protective efficacy of WI-1. Alternatively, our model of experimental infection may be overly rigorous. A lethal dose of yeast from cells, as delivered in this study, might overwhelm even a robust, effective immune response. Under circumstances of natural infection, the host is exposed to conidia rather than yeasts, and the infection evolves slowly as a subacute or chronic process. In contrast, animals infected in this study developed a progressive pulmonary infection and died of overwhelming pneumonia 14 to 21 days after the infection. In the related mycosis, histoplasmosis, hsp-80 immunization protects mice against a sublethal infection but not a lethal one. Thus, WI-1 immunization might be more protective in a model of blastomycosis producing a sublethal infection or one that is less rapidly lethal. The profile of the immune response to WI-1 administration may help explain its modest protective benefit and offer a clue on how to improve the protective efficacy of WI-1. WI-1 evokes a robust immune response, with a humoral component illustrating a mixed T helper phenotype that is biased toward a T helper 2 phenotype. Antibodies offer no established benefit in conferring resistance to B. dermatitidis infection (7) and could harm the host more than help it, as reported for Coccidioides immitis infection (9) . Conceivably, some antibodies might benefit the host, as in experimental infections with Cryptococcus neoformans (20) and C. albicans (13) . Nonetheless, a T helper 2 response, as suggested by the distribution of anti-WI-1 IgG subclasses, is probably not optimally protective.
Our inferences about T helper phenotype responses to WI-1 immunization were based on analyzing the subclass of WI-1-specific antibodies rather than on directly measuring the cytokines themselves. This approach is indirect, and our data should be interpreted cautiously. However, the approach is supported by a substantial body of literature (12, 26) . Moreover, Brummer et al. (6) has shown that mice infected with B. dermatitidis yeasts develop features of a T helper 2 immune response during chronic progression of the infection and features of a T helper 1 immune response during a healing phase of the infection after antifungal therapy. Those findings indicate that both elements of T helper immunity can be observed during infection and suggest that T helper 2 responses to WI-1 FIG. 3 . Protective efficacy of WI-1 immunization against lethal pulmonary blastomycosis. Groups of C57BL/6 mice were immunized subcutaneously either with 100 g of WI-1 or with BSA according to the protocol described in Materials and Methods. Two weeks after a second immunization, the mice were challenged with a lethal dose of 10 a Summary of five separate protection experiments performed in C57BL/6 mice and BALB/c mice. C57BL/6 or BALB/c mice were immunized with WI-1 or BSA according to the protocol described in Materials and Methods. Mice were observed for survival after intranasal infection with a lethal dose of 10 4 ATCC 60636 yeasts. In experiment 5, mice were intranasally infected twice (1 month apart) with a sublethal dose of either H. capsulatum 184 AS ura 5-11 expressing WI-1 off the telomeric, extrachromosomal plasmid pMAD93/WI-1 (Histo/WI-1) or the control strain transformed with plasmid pMAD93 lacking WI-1 (Histo alone). These immunized and control mice were challenged intranasally with a lethal dose of 10 4 ATCC 26199 yeasts 2 weeks after the second immunization and monitored for survival. b Two-sided P value. †, comparison of Histo/WI-1 group versus Histo alone group; ‡, comparison of Histo/WI-1 group versus unimmunized group. may not help in clearing B. dermatitidis infection and may even retard its clearance.
The protective efficacy of WI-1 might be enhanced by modifying the composition of the immunogen. For example, the immunogen might be delivered with adjuvant that preferentially drives T helper 1 immune responses, a possibility that had been a consideration in immunizing mice with H. capsulatum yeasts transfected with WI-1. This approach showed some benefit. However, the protective efficacy was not that different from what we observed with WI-1 protein alone, and we were unable to assess whether the T helper phenotype had been altered using IgG subclass analyses since only IgM antibody was present.
Interleukin-12 (IL-12) as an adjuvant together with WI-1 may offer the most direct way to alter the phenotype of T helper cells that arise after vaccination. IL-12 was first described as a vaccine adjuvant in experimental leishmaniasis (1) . Soluble leishmania antigen administered to BALB/c mice led to antigen-specific immune responses with a T helper 2 phenotype and progressive infection after challenge. The addition of IL-12 to soluble leishmania antigen converted it from a nonprotective antigen to a protective antigen by enhancing the differentiation of CD4
ϩ T cells toward a T helper 1 subset and cytokine profile needed to promote delayed-type hypersensitivity responses. Administration of IL-12 together with WI-1 is presently under investigation.
We chose not to investigate various schedules of WI-1 administration in this study. Immunized mice evinced strong antibody and delayed hypersensitivity responses with the protocol described, and their immune responses and survival appeared to plateau with doses of 100 to 200 g per immunization. Consequently, we judged that improved protection is more likely to be achieved by changing the profile, rather than the intensity, of the response.
It will be informative to dissect the correlates of resistance after immunization with WI-1, in view of the current reexamination of the contributions of humoral and cellular immunity in resistance to medical fungi (8) . This reevaluation has been prompted by work involving the passive transfer of protective monoclonal antibodies against experimental cryptococcosus, candidiasis, and Pneumocystis infection (8) . The prevailing view in the literature is that resistance to B. dermatitidis is mediated by cellular immunity, but the roles of humoral immunity and anti-WI-1 antibodies have not been studied systematically. Although antigen-specific T cells are likely to be important in resistance to this fungus, and WI-1 reactive T cells are likely to help in this regard, the host mounts a strong antibody response to WI-1. We speculate that WI-1-reactive antibodies may benefit the host, possibly by promoting opsonic clearance of fungus from tissue or by enhancing the formation of granulomas, as reported for experimental Cryptococcus infection (11) . Alternatively, the antibodies might interfere with adhesive properties of WI-1, as many of them are directed at the tandem repeat (16) , which mediates binding to complement and CD14 receptors (21) . The exact role and action of anti-WI-1 antibodies and T cells require further studies.
